The species nativity, growth form, habit, invasion status, aboveground biomass (AGB) and belowground biomass (BGB) distribution and soil characteristics across six diverse habitat conditions were studied in a peri-urban region in Indian dry tropics to understand their deterministic impact on vegetation structure. Eighty-seven plant species, predominantly annuals (67%), belonging to 28 angiosperm families were recorded. Among them, 89% were exotics (largest of American and Asian origins) and 48% of the exotics were invasives while 16% were naturalized. AGB of annuals was higher than perennials, but the difference in their BGB was insignificant. Compared to natives, the exotics had higher AGB and BGB. Among them, the AGB species of South America, Asia and the Indian subcontinent had higher AGB, but the order was reversed in case of BGB. Similarly, AGB of invasives was higher than natives, but they showed comparable BGB. 'Non-native annual forbs' were the most dominant functional groups in terms of both AGB and BGB. The ordination results varied with plant BGB and AGB. Canonical correspondence analysis indicated dominant role of exotic invasives (mainly of American and European origin) and significant influence of soil organic carbon (SOC) and total nitrogen on vegetation organization. At lower SOC, AGB and BGB were comparable for both native and exotics. However, with the increase in SOC, native AGB and BGB declined, whereas AGB of nonnative species increased. In conclusion, the study revealed large intrusion of alien floras into anthropoecosystems in Indian dry tropics, which significantly impacted structure and ecological processes both aboveground and belowground, as against better adaptation potential of the natives belowground.
UNDERSTANDING the alteration in the structure of natural ecosystems under the synergistic impact of global environmental change and continued spread of non-native species will be an ecological challenge in the coming decades 1 . Thus investigations across diverse ecosystems, particularly the anthropo-ecosystems, which are the orderly combinations or arrangements of physical and biological environments built by man to sustain his kind have assumed considerable importance as they help comprehend the ways in which the real world diverges from the natural ideal one 2 . The inevitable consequence of habitat destruction here is to render ecosystems vulnerable to invasion by alien species that are transported intentionally or unintentionally by humans 3 . Invasion by such species often results in alterations in the functioning of invaded ecosystems 4 . Occurrence of such invasions is likely to be more apparent in and around urban landscapes with a variety of land uses that create an environment conducive for invading weeds 5, 6 . Anthropoecosystems in such urban and peri-urban areas which represent hybrid landscapes of fragmented urban and rural regions created due to dispersive urban growth, are considered highly heterogeneous for plant survival and establishment 7, 8 . These ecosystems have been disregarded by naturalists and conservationists for reportedly attracting cosmopolitan weedy flora that threaten the surrounding natural habitats 9 . Due to persistent anthropogenic pressure in the dry tropics, these areas have turned into low productive systems. Here, slow development of soil micro-flora makes these ecosystems highly fragile from the point of view of both structure and function. The spatial organization of such areas is usually unique 10 . Gradual conversion of such areas under urban sprawl leads to reduction in plant species diversity due to elimination of various important native ones, which is likely to facilitate acceleration in the abundance of competitively superior exotic species 5, 6 . The productivity and nutrient availability in these ecosystems play a predominant role in determining plant community organization 11, 12 . Between the native and alien species within a region, it is the latter which has often been suggested to adapt better to anthropogenic disturbances 13 . Differences between native and alien species are likely to have important implications for understanding the aliens' interactions with, and effects on other species in a community. Biomass allocation patterns of plant species and communities are considered one of the most important aspects in their competitive life strategies for survival and expansion. They are significantly impacted by soil and site conditions, including the disturbance of past and present history there 14 . In spite of their importance particularly for peri-urban ecosystems which are adversely impacted by the increasing dominance of invasive weeds 7 , ecological studies pertaining to the understanding of the community organization in terms of aboveground biomass (AGB) and belowground biomass (BGB) of plant species and community biomass relations with environment are lacking.
The present ecological study, carried out across various habitat conditions in a dry tropical peri-urban Indian region, aimed to investigate (i) species composition in terms of their biogeographic origin, invasion status and growth form, (ii) vegetation organization in terms of plant biomass, and (iii) native and non-native plant biomass relationship with soil characteristics.
Materials and methods

Study area
The present study was carried out at Bulandshahr (2824N lat. and 7751E long.), located in western Uttar Pradesh, India, at an altitude of ca. 180 m amsl. It is at the interface between urban and rural landscape. Since long it has been catering to the developmental needs of highly developed urban centres like Delhi, Noida, Gurgaon, Meerut and Ghaziabad. Developmental activitiesplanned or unplanned, in the last 5-6 decades have adversely impacted the vegetation structure and function here, and witnessed diverse land uses and anthropogenic activities.
Six study sites were selected in the National Capital Region of Delhi. These sites located within 3 sq. km area around the city covered contrasting land uses, viz. (1) grazing land (GL), (2) Kali river bank (KRB), (3) agricultural land (AL), (4) abandoned brick kiln (ABK), (5) Working brick kiln (WBK), and (6) intervening brick kiln (IBK). The GL site (basal cover area of vegetation 25-51 sq. cm/sq. m) 14 was located near a dairy milk industry. The KRB site (basal cover area of vegetation 39-43 sq. cm/sq. m) 14 was located along the banks of river Kali, a tributary of the Ganga. This river received untreated and partially treated industrial effluents and domestic sewage through heavily silted drains, besides urban dumps along the river bank. The AL site (basal cover area of vegetation 30-125 sq. cm/sq. m) 14 , earlier occupied by a mango-guava orchard, witnessed shift to cereal and vegetable cultivation during the last 30 years.
The ABK site (basal cover area of vegetation 51-53 sq. cm/ sq. m) 14 was located around an abandoned brick kiln that witnessed active brick baking operations for 12 years at a large commercial scale and thereafter has been abandoned since the last five years. The WBK site (basal cover area of vegetation 28-40 sq. cm/sq. m) 14 was at a radial distance of 500 m from an abandoned brick klin and was actively operational for last five years. The IBK site (basal cover area of vegetation 25-35 sq. cm/sq. m) 14 lay intervening between these two sites. The soil of brick kiln sites was generally covered in varying degrees by brick dust and pieces of over-burnt and half-burnt bricks. At each site, 1-2 ha land was selected for the study.
The climate of the study area was semi-arid having three seasons -rainy (July-October), winter (NovemberFebruary) and summer (March-June). The monthly mean minimum temperature ranged from 7.4C (January) to 29.9C (June), and the mean maximum from 16.5C (January) to 39.7C (June). Annual mean rainfall was 589 mm.
Species composition
Plant species were recorded from the monoliths excavated for biomass sampling across the six selected sites during the three seasons. They were identified 15, 16 and the scientific nomenclature of these species was updated using taxonomic on-line databases such as The Annual Checklist of World Plants (http://www.sp2000.org) and E-Floras (http://www.efloras.org). Native geographical range of the plant species was obtained from Index Kewensis 17 , specialized internet web pages (www.efloras. org) and some recently published similar studies [18] [19] [20] . In assigning the native ranges to all the species, a biogeographic approach was followed. Following Pysek et al. 21 , the origin of the alien species was recognized at the continental scale, viz. Asia (excluding the Indian subcontinent), Europe, Africa, North America, South America and Australia. The species whose native ranges fell outside the borders of the Indian subcontinent were considered as non-native or alien. If a non-native species occurred in Asia as well as in other continent(s), then it was placed under Asia. The non-native species were categorized into five groups, viz. casual (Cs), naturalized (Nt), invasive (In) 8 , casual or naturalized (C/N), and naturalized or invasive (N/I) 19 . The species whose invasion status could not be ascertained were placed under the 'unknown (Uk)' category.
Biomass sampling
The sampling of plant biomass across all six selected sites was carried out by excavating 30 monoliths (each to a depth of 20 cm) randomly at each site in February, June and October with the help of soil corer (inner diameter 22.6 cm, area ~400 sq. cm). They were washed carefully within 24 h of their extraction and the plant material collected on a 0.5 mm sieve, which was separated into different species to the extent possible. All plant individuals were fractioned into aboveground and belowground plant parts, including both live and standing dead parts. All aboveground and belowground plant parts were dried for 48 h at 80C and weighed. Unidentified species were placed under miscellaneous category. The broken, unidentified belowground plant parts, which could not be linked to the aboveground parts, were also placed under miscellaneous category. Biomass (g m -2 ) of aboveground and belowground parts was calculated for each of the species. The biomass data of all species and miscellaneous plant parts at a study site were pooled to obtain the total site biomass.
Soil analysis
Six representative surface soil samples (0-10 cm) were collected from each study site during each season. The soil samples were air-dried and sieved (2 mm). The soil moisture, pH, organic carbon (determined by Walkley and Black method) and total nitrogen (determined by micro-kjeldahl's method) were estimated following Piper 22 . Available phosphorus, exchangeable calcium and potassium of the soils were estimated following Allen et al. 23 .
Data analysis
To examine the relationship between environmental variables and distribution of the species, a direct ordination with canonical correspondence analysis (CCA) was done using CANOCO 4.5 package 24 . CCA was performed using the biomass data of 87 plant species distributed across 18 vegetation stands (six study sites  three seasons) and eight environmental variables. The significance of the relationships was tested statistically by Monte Carlo permutation test using 999 unrestricted permutations.
Results
Species composition
A total of 87 plant species (20 grasses, 66 forbs and 1 fruit-tree seedling), predominantly annuals (67%) belonging to 28 angiosperm families were recorded across 6 sites in 3 seasons (18 vegetation stands) ( Table 1 ). The largest families were Poaceae (17), Asteraceae (10), Amaranthaceae (8) and Malvaceae (7) . Of the total recorded plant species, only 11% were native; the rest 89% were non-native. Among the non-native flora, 31% were of Asian origin, 30% South American, 22% European, 9% North American and 5% flora were of African origin. The rest 3% of the non-native flora were cryptogenic for their unknown origin. In terms of invasion status of the 77 alien flora recorded in the study, 48% were invasive, 16% naturalized, 10% naturalized or invasive, 5% casual or naturalized, 4% casual, 4% cultivated and 13% had unknown invasion status. The highest number of invasive species was recorded from Asteraceae (8), followed by Amaranthaceae (6) and Euphorbiaceae (3).
Biomass structure of native and non-native plant species across different sites and seasons
The species dominants changed with the change in their biomass data considered aboveground or belowground. In terms of AGB, the exotic invasive Parthenium hysterophorus was most dominant accounting for 11.9% of the plant biomass in the peri-urban area. It was followed by Saccharum bengalense (9.1%), Chenopodium murale (6.2%), Senna obtusifolia (5.9%), Sida acuta (5.9%) and Achyranthes aspera (5.2%). However, in terms of BGB, the native species Cynodon dactylon (14.9%) and Saccharum bengalense (13.9%) were the top dominants, followed by Parthenium hysterophorus (7.8%) and Sida acuta (5.5%).
BGB and AGB : BGB ratio of the plant species studied across different categories showed significant impact of growth form (F 2,354  5.568, P < 0.05), habit (F 2,354  13.162, P < 0.001), nativity (F 1,355  15.209, P > 0.001), biogeographic region of origin (F 6,350  5.751, P < 0.001), invasion status (F 7,349  3.534, P  0.001) and functional group (F 11,345  5.953, P < 0.001) of the species. Amongst the growth forms, annuals showed significantly higher AGB (283.71 g m -2 ) compared to perennials (98.25 g m -2 ), and annual to perennials (58.42 g m -2 ) ( Table 2) . However, in terms of BGB, difference between annuals and perennials was insignificant. The AGB of forbs was significantly higher compared to grasses. Non-native species showed significantly higher AGB and BGB compared to native species in this study.
The AGB occupied by plant species in terms of their origin in different continents was in the order: South America > Asia > Indian subcontinent > North America > Europe > Africa, whereas BGB occupancy was in the order: Indian subcontinent > Asia > South America > Europe > North America > Africa ( Table 2) . AGB of invasive species was significantly higher than that of species groups of other invasion status. BGB of invasive species was comparable to the native ones. Amongst the functional groups, 'non-native annual forb' was the most dominant group in terms of both AGB and BGB. Comparing AGB : BGB (shoot : root) ratio, invasives had much higher value (4.1) compared to native species (1.6). This ratio amongst species of different biogeographic origins was recorded lowest for those of the Indian Species abbreviated name, family, type (grass/forb), growth form (A, annual; P, perennial), nativity (n, native; nn, nonnative), native region and invasion status (Cl, cultivated; Cs, casual; C/N, casual/naturalized; Nt, Naturalized; N/I, naturalized/invasive; In, invasive; Uk, unknown) are also shown.
subcontinent (1.57), which was much lower than the plant species of American origin (about 5). The native species also showed lower ratio (1.6) compared to non-native ones (3.7).
CCA ordination
The proportion of variance of species data and speciesenvironment relationships explained by all four CCA axes were relatively comparable for both AGB and BGB data of the species, although the values were higher for BGB. The four CCA axes explained >73% of speciesenvironment variance (Table 3) . In these CCA ordinations ( Figure 1 shown for AGB of plant communities), the Monte Carlo permutation test indicated significant eigenvalues for all canonical axes examined (P < 0.01).
The results indicated that CCA analyses performed well in describing the relationships between vegetation and environmental variables 24, 25 and this performance was better for BGB.
The ordination of vegetation stands differed when analysed in terms of BGB and AGB of plant species comprising them. Their distribution varied considerably in their response to soil characteristics, viz. organic C, total N, C : N ratio, pH, available P, exchangeable K and Ca. The first CCA axis was strongly and negatively correlated with soil organic carbon/SOC and C : N ratio ( Table 3 ). The vegetation stands at brick kiln sites with lower soil nutrients ordinated towards the right and those at grazing land site towards the left which had relatively higher SOC (Figure 1 ). The second CCA axis was most strongly correlated with pH and moderately associated with available P (Table 3 ). The third CCA axis, however, showed strong and significant relationships with SOC, C : N ratio, moisture, available P, exchangeable Ca and K.
The ordination results thus indicated considerable influence of soil characteristics on the organization of vegetation stands. The dispersion of stands, as visualized, was maximum in winter and least during rainy season, reflecting that seasonality plays an important role in community organization here. The species and vegetation stands in the studied area were scattered over the available space, except clusters of species in agricultural land during winter and summer seasons. At this site, crop species along with its associated weed competitors formed distinct patches on the upper side of the X-axis. Species like Saccharum bengalense, Euphorbia hirta, Launea asplenifolia and Urena lobata ordinated towards the right side of the Y-axis at the low-nutrient sites (Figure 1) . With increasing SOC, native and non-native species showed contrasting trends in terms of both AGB and BGB (Figure 2) . At lower SOC both native and non-native species tended to have comparable AGB and BGB. However, with increasing SOC, both AGB and BGB declined significantly for native species. In contrast, AGB of non-native species increased significantly (P < 0.05).
Discussion
A large-scale intrusion by alien flora (89%) in this study, against intrusion by 40% exotics reported at the country level 26 , indicates high vulnerability of the investigated region. This may be considered reflective of the higher response of aliens over the natives to warm, urbanizing, low-altitude, peri-urban areas 27 , and increasing impact of human activities and movement in this region that facilitated arrival and gradual establishment, and later, naturalization and spread 28 of the exotics. Further, perhaps because of the long history of agriculture and connections with other regions through heavy vehicular transportation, not much of the native plant populations are left. Almost nothing of the native flora is left in the vast Gangetic Plain to start restoration. The largest representation of floras of American origin (39%) in this study and the whole country in general, can be attributed to the increase in international trade between Asia and America, as well as their biogeographical affinities 29, 30 . Under comparable conditions, the largest number of alien floras of American origin has also been reported in China 31 . The weedy species, in this study, belonging largely to Poaceae, Asteraceae, Amaranthaceae, Malvaceae and Papilionaceae, accounted for 47% of the total non-native flora (77) recorded. These angiosperm families have also been the major contributors to the alien flora, not only in Asian cities and regions, but also worldwide [31] [32] [33] [34] [35] . Among these exotics, the highest number of invasives belonged to Asteraceae, Amaranthaceae and Euphorbiaceae, which are reportedly abundant in tropical or warm climate 31 . Occurrence of 48% invasives, 16% naturalized, 10% naturalized or invasive in this study, against that reported at the country level (14%, 16% and 8% respectively) 19 , indicated considerable transformation of exotics into invasives in the studied region, e.g. Chenopodium murale has recently been recognized as an aggressive botanical invader in this region 36 . Preponderance of annuals (67%) may be driven by a variety of agricultural and other anthropogenic activities 30, 37 . These annuals are more plastic compared to perennials, with the ability to invade a larger geographical area 38, 39 . They showed significantly higher AGB compared to perennials and other growth forms (Table 2) . However, in terms of BGB, insignificant difference between annuals and perennials was indicative of high growth optimization ability of the annuals 40 . In fact, the annual growth form can be considered by far the most predominant life strategy of both the naturalized and invasive plant species. Among the functional groups, non-native annual forbs with higher AGB as well as BGB, reflected better resource utilizing ability of these intruded non-native annual flora, especially the forbs.
The spatio-temporal dynamics of the investigated weed communities is evident from the dispersion of vegetation stands (Figure 1 ). Reduced discreteness of vegetation patches, generally in the rainy season, could be due to homogenization impact of adequate moisture availability in the dry tropical soils. This presumably enabled different kinds of propagules (present locally or transportpropagated) to grow and mature. Accordingly, the diverse ecosystems in this region witnessed the highest diversity in the rainy season 41 . The spatial organization of vegetation stands and the species assemblages were also influenced by SOC and total N, despite relatively poor soil nutrients 14 . The vegetation stands under resource-scarce states at the brick kiln sites (low soil moisture, organic C and total N) 42 ordinated in contrast to those at grazing land sites having relatively high resource-rich soils 41 ( Figure 2 ). The distinctness of the much disturbed and nutrient-poor ABK site owed much to the dominance of native perennial forb Saccharum bengalense that sustained resource-scarce soils by investing greater biomass to roots (its BGB being 13.8% and AGB being 11.3% at the regional level). Investment to roots meant increased nutrient-absorption organs 43 . The heterogeneity of the vegetation patches, as evinced in this study, discernible even at lower spatial scale, suggested complex vegetation structure in the peri-urban areas. Human or anthropogenic activities created open spaces that were largely occupied by alien annual flora (as ecological opportunists). Further operation of diverse disturbance regimes (brick kiln activities, carrying of pollution load by Kali River, etc.) and land-use changes added to the environmental complexity. It is well known that after disturbance, resources and colonization opportunities are greatly elevated, thus making the disturbed areas most susceptible to invasion. This trend is further accentuated by human-mediated propagule dispersal (transportassociated) 44 . The plant species largely native to America (South and North) and Europe, and SOC and total N vectors (the major deterministic environmental variables) (Figure 1 ), may be considered as suggesting that the organization and productivity of plant communities in this study, were much influenced by the botanical invaders from these continents. Thus, pointing to the deterministic role of such alien flora with the potential to cause landscapescale alterations by affecting organisms and ecological processes both aboveground and belowground.
Broadly, the subterranean biomass build-up (BGB) and differential allocation to aboveground and belowground plant parts (AGB : BGB ratio) in this study were significantly influenced by growth forms, habit, nativity, biogeographic region of origin and invasion status of the plant species. The non-native plant species differently allocated higher AGB (higher AGB : BGB, indicative of better utilization of aboveground resources, e.g. light and CO 2 , etc.) 45 . The Indian native species, on the other hand, appeared to resist and contest competitively with the invaders, especially under edaphic stress conditions through their enhanced belowground allocation (lower AGB : BGB ratio for better acquisition of belowground resources, e.g. water and soil nutrients) 43 . The present investigation exhibited the highest AGB as well as AGB : BGB ratio in the alien species of South American origin. In contrast, the native Indian subcontinental flora had the highest BGB and lower AGB : BGB ratio. Two major natives Cynodon dactylon and Saccharum bengalense were the top dominants accounting for about 30% of the total BGB in the study area. In contrast, the combined BGB contribution by two most prominent nonnative weeds, Parthenium hysterophorus and Sida acuta was less than half of these two natives. Thus, the alien species showed better adaptation to anthropogenic disturbance. This is further evident from the success of the invasive species with much higher AGB than the natives and species groups of other invasion status, and BGB comparable to that of the native species.
The negative correlation observed between SOC and BGB across these peri-urban habitats is indicative of an adaptation strategy to maximize growth and fitness conditions 46 . In the present study, the contrasting trends of BGB and AGB of native and non-native species along soil fertility gradient indicated that the latter species with higher biomass at nutrient-rich sites, efficiently utilized the soil resources for their growth, and performed equally well under resource-scarce soil conditions. This allocation strategy clearly explained that plasticity of invasive species increased their ability to spread to a wide range of habitats with resource variability.
In conclusion, this study revealed high-scale invasion by exotic flora and their considerable influence on community organization and productivity in the peri-urban ecosystems in Indian dry tropics, and the potential of these plants to impact organisms and ecological processes, both aboveground and belowground. The non-native plants adapted better to dry and sterile conditions, through enhanced growth, both above-and below-ground, in contrast to the natives optimizing their growth through enhanced belowground allocation.
